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We describe a genome-wide characterization of mRNA transcript levels in yeast grown on the
fatty acid oleate, determined using Serial Analysis of Gene Expression (SAGE). Comparison of
this SAGE library with that reported for glucose grown cells revealed the dramatic adaptive
response of yeast to a change in carbon source. A major fraction (>20%) of the 15,000 mRNA
molecules in a yeast cell comprised differentially expressed transcripts, which were derived from
only 2% of the total number of ~6300 yeast genes. Most of the mRNAs that were difterentially
expressed code for enzymes or for other proteins participating in metabolism (e.g., metabolite
transporters). In oleate-grown cells, this was exemplified by the huge increase of mRNAs
encoding the peroxisomal -oxidation enzymes required for degradation of fatty acids. The data
provide evidence for the existence of redox shuttles across organellar membranes that involve
peroxisomal, cytoplasmic, and mitochondrial enzymes. We also analyzed the mRNA profile of a
mutant strain with deletions of the PIP2 and OAF1 genes, encoding transcription factors required
for induction of genes encoding peroxisomal proteins. Induction of genes under the immediate
control of these factors was abolished; other genes were up-regulated, indicating an adaptive
response to the changed metabolism imposed by the genetic impairment. We describe a statistical
method for analysis of data obtained by SAGE.

INTRODUCTION

The development of innovative techniques to study
gene expression combined with the knowledge of the
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Saccharomyces cerevisite genome sequence makes it
possible to establish an inventory of all yeast tran-
scripts (transcriptome) and to relate these transcripts
to the genes from which they originate. Serial Analysis
of Gene Expression (SAGE) and hybridization on
DNA microarrays are recently described tools for such
an analysis (Velculescu et al., 1995, 1997; DeRisi et al.,
1997; Wodicka et al., 1997; Zhang et al., 1997; Cho et al.,
1998; Holstege et al., 1998). The SAGE technique sam-
ples short sequences of 10-14 nucleotides (tags) of
individual mRNAs. Determination of the sequence of
these tags allows identification of the corresponding
genes. The frequency of a tag, representing the steady-
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state level of the mRNA from which it was derived,
gives, with certain limitations, information about the
level of gene expression and the amount of protein
made. Comparison of transcriptomes yields interest-
ing information about the dynamics of total genome
expression attributable to a change in environmental
conditions or state of differentiation. In addition, it
provides necessary clues to determine the function of
those genes whose contribution to cellular life is still
unknown.

We were particularly interested in the changes in the
mRNA population required for the increase in num-
ber and volume of peroxisomes when yeast is faced
with fatty acids as a sole carbon source. In S. cerevisiae,
the enzymes for degradation of fatty acids are
uniquely confined to peroxisomes together with some
of the enzymes constituting the glyoxylate cycle (Ku-
nau et al., 1988). Particularly, the genes encoding the
B-oxidation enzymes are highly induced, but to what
extent the growth on fatty acids also leads to more
general alterations in cellular metabolism and or-
ganelles other than peroxisomes is not known. It is
also unknown to what extent proliferation of the per-
oxisomal compartment induced by growth on fatty
acids requires adjustment in other proteins than those
functioning in metabolism, for instance, proteins in-
volved in protein trafficking or proteins involved in
peroxisome biogenesis.

To address these questions, we used SAGE to deter-
mine the transcriptome of yeast grown on oleate and
compared this with the transcriptome of yeast grown
on glucose (Velculescu et al., 1997). In the process we
developed a statistical method for comparison of
SAGE results and the planning of future experiments.
We also constructed a SAGE library of mutant yeast
cells in which the oleate-induced enlargement of the
peroxisomal compartment was abrogated by deletion
of the genes encoding transcription factors Pip2p and
Oaflp (Luo et al., 1996; Rottensteiner et al., 1996). This
analysis revealed genes that are under the control of
Pip2p and Oaflp but in addition showed genes whose
activity increased to survive the genetic impairment
imposed to the pip2/oafl mutant cells. Here we will
relate some of our findings to aspects of peroxisome
biogenesis and function.

MATERIALS AND METHODS

Yeast Strains, Culture Conditions, and RNA
Isolation

Yeast strains used in this study are BJ1991 (MATaq, leu2, trpl, ura3-
52, pep4-3, prb1-1122; Jones, 1977) and BJ1991 pip2/oafl (MATa, leu2,
trpl, ura3-52, pep4-3, prbl-1122, PIP2:KANMX4, OAF1::LEU2; Rot-
tensteiner et al., 1997). Differences in genotype between yeast strains
used for glucose (Velculescu et al., 1997) and oleate SAGE libraries
were not thought to influence global gene expression patterns,
considering the rich carbon sources used. Strains were precultured
24 h on minimal medium containing 0.3% glucose to obtain a

1860

derepressed culture. After a shift to medium containing 0.12%
oleate, 0.2% Tween 40, 0.3% yeast extract, 0.5% bacto-peptone, and
0.5% potassium phosphate buffer, pH 6.0, the cells were cultured for
18 h at 28°C. Cell growth was stopped by the addition of an equal
volume of ethanol (—80°C), and RNA was extracted immediately.
mRNA was isolated using the Poly-A-tract kit from Promega (Mad-
ison, WI) according to the manufacturer’s protocol.

SAGE Procedure

The SAGE libraries were obtained essentially following the SAGE
protocol described (Velculescu et al., 1995). Briefly, mRNA was
converted to cDNA using a Life Technologies (Gaithersburg, MD)
cDNA synthesis kit and biotin-oligo-(dT)18 (New England Biolabs,
Beverly, MA). cDNA was digested with Nialll, and 3" cDNAs were
isolated using streptavidin magnetic beads (Dynal M280; Dynal,
Oslo, Norway). 3" cDNAs were split into two pools, and SAGE
linkers 1 and 2 (synthesized by Eurogentec, Seraing, Belgium) were
ligated to pools 1 and 2, respectively. SAGE tags were released with
BsmF1 and blunted with T4 polymerase, and the tags from pools 1
and 2 were ligated to each other. A 1:800 dilution of the ligation
product was amplified with 28 cycles of PCR and digested with
Nlalll. Ditags were isolated from a 12% polyacrylamide gel and
self-ligated. Concatemers were isolated from an 8% polyacrylamide
gel and cloned into pZERO (Invitrogen, San Diego, CA) digested
with Sphl. Inserts were amplified by colony PCR using M13 forward
and reverse primers. PCR fragments were sequenced via cycle
sequencing with the AmpliTaqFS core kit (Applied Biosystems,
Foster City, CA) and 2 pmol of Cy5-T7 primer. An MJ Research
(Waltham, MA) PT-200 cycler was used to perform 25 cycles (97°C,
15 s; 55°C, 30 s; and 68°C, 30 s). Reactions were loaded on 60-cm-
long 4.5% PAGE-PLUS polyacrylamide gels (Amresco, Solon, Ohio)
on the European Molecular Biology Laboratory (EMBL) sequencing
system with array detectors (Erfle et al., 1997). The 3’ and 5’ se-
quences were obtained simultaneously by sequencing on the ARA-
KIS two-dye DNA-sequencing system developed at EMBL (Wi-
emann et al, 1995). The system allows simultaneous on-line
sequencing on both strands (Doublex sequencing), with the two
sequencing products obtained in a single sequencing reaction, each
labeled with a different fluorescent dye. Up to 2000 bases are thus
obtained simultaneously in one sequencing reaction on both
strands, which presents an efficient system for identifying large
number of sequence tags obtained in one run. Raw sequencing data
were evaluated using the GeneSkipper software package (EMBL).

SAGE Data Analysis

Initial data analysis was performed using the SAGE software pack-
age version 1.0 (Velculescu et al., 1995; Zhang et al., 1997). The tag
list from wild-type cells and pip2/oafl cells contained 10,943 and
3847 tags, respectively, of which 577 and 234, respectively, were
derived from linker sequences. These tags were excluded from the
analysis. The resulting tag lists contained 10,366 total tags from
wild-type cells and 3613 tags from pip2/oafl cells. We compiled a
database of all potential tags of the complete yeast genome (>69,000
10-bp sequences) and linked each tag to the gene annotations in the
MIPS database (as of December 9, 1998). Next, we merged this data
set with the tags found with SAGE. For estimating the number of
different genes of which tags were found, we counted tags located
within the ORFs or within the 500-bp 3" adjacent of the ORFs. When
different tags originating from the same gene were found, these tags
were pooled to calculate expression levels. We found that tags
originated from ~1700 genes, of which 400 were not identified in
the tag list from glucose-grown cells. For most of these 400 genes
only one tag was found. Tag numbers were converted to number of
mRNA transcripts per cell assuming a total of 15,000 mRNA mol-
ecules per cell. mRNA ratios between oleate- and glucose-grown
cells were calculated from the tag lists. To avoid division by zero we
used a tag value of 1 for tags that were not detected in the tag list
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from glucose-grown cells (Zhang et al., 1997). Hereby also the genes
that are highest expressed are scored as the highest induced. Clas-
sification in groups was done according to the yeast protein func-
tional catalogue (Goffeau, 1997; Mewes et al., 1997; also available via
the World Wide Web at http://websvr.mips.biochem.mpg.de/
proj/yeast). A second database was prepared that permitted search-
ing for genes in specific functional categories. SAGE data sets of
oleate grown wild-type and pip2/oafl mutant cells are available on
request (E-mail: A.Kal@icrf.icnet.uk) and will be made available via
the web sites of Munich Information Centre for Protein Sequences
(http:/ /websvr.mips.biochem.mpg.de/proj/yeast) and  MBC
(http:/ /www.molbiolcell.org).

For the nomenclature of genes coding for cytoplasmic ribosomal
protein, the guidelines proposed by Mager et al. (1997) were fol-
lowed.

Statistical Analysis

Two statistical approaches of the number of specific tags found in
SAGE can be envisioned. First, the number of tags can be seen as
counts and therefore as Poisson distributed values. A test for dif-
ferences in tag numbers found in two experimental conditions,
seemingly based on Poisson distribution statistics, has recently been
described (Madden et al., 1997). However, their approach suffers
from the disadvantage that it can only be used reliably on tag
libraries of similar size.

The second approach is to look at the number of copies of a
specific mRNA per cell as a fraction or proportion of the total
number of mMRNA molecules in that cell. The same proportion (p) of
specific tags should be present in the SAGE library of all sequenced
tags. Thus:

nspcciﬁc mRNA/cell nspcciﬁc tags

p=
Nlotal mRNA/cell Ntotal tags

In this approach the number of tags found is binomially distrib-
uted because it is the result of the p of each tag to be identified as
being the specific mRNA or not. However, for the high number of
tags sequenced, this binomial distribution can be very well approx-
imated by a normal distribution with mean p and SD: SD,, =
Vp(1—p). The accuracy of the estimation of the proportion depends
on the total number of tags (N) sequenced, its SE being SE, =
SD,,/V/N. The 95% confidence interval of the observed number of
specific tags can then be calculated as:

950/0 CI Of nspcciﬁc tags = (P * 196 X SEp) X Ntotal (1)

In Figure 6A this 95% confidence interval is given for copies per cell
up to 100 for our total number of 10,366 sequenced tags. The SE of
the difference p; — p, of proportions p; and p,, resulting from
samples with sizes N; and N,, respectively, is given by:

SEp = \P1(1 = p))/N; + py(1 — p,)/N, (Altman, 1991)  (2)

The difference p; —
test statistic:

P2 and the above SE can be used to calculate the

7 - P1— P2
\/Po(l = Po)/Ni + po(1 — po) /N,

in which p is calculated as p, = (n; + n,)/(N; + N,), which is the
estimate of the proportions if the null hypothesis is true. Under the
null hypothesis this Z statistic is normally distributed and can serve
as a statistical test for the difference between the proportions p; and
p2- Comparison of this test and the test based on Poisson-distributed
tag counts mentioned above (Madden et al., 1997) shows a difference
in sensitivity, the test of Madden et al. (1997) being more conserva-
tive. A major advantage of a test that is based on proportions such
as the Z test we propose is, however, that it can be used for results
based on SAGE libraries of different size.
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An additional advantage is that this Z test provides a way to
calculate the number of tags needed to be sequenced to detect a
difference as significant. In statistical testing, the relation between
the difference p, — p, that can be detected with a two-sided prob-
ability of a type I error (incorrect rejection of the null hypothesis) of
less then «, as well as a probability of a type Il error (failure to detect
a true difference p; — p,) of less then B can generally be expressed
as:

difference > (Z,,SE(differencey,) + ZgSE(differencey,))  (4)

Thus, an equation for the calculation of the difference in proportions
that can be detected as significant can be formulated by substitution
of Eq. 2 into Eq. 4:

P1 = P2 > (Zaja o1 — po)/Ni + po1 — po)/N, )

+Zg \/P1(1 —p)/Ni+ pa(1 — p2)/Ny)

Eq. 5 can be used to calculate critical values for the comparison of
numbers of specific tags found in different experiments (see Figure
6A). Audic and Claverie (1997) derive a formula for a similar
calculation of critical values (or what they call first significantly
different values). Their critical values and the ones we calculated
with Eq. 5 are equal for both 0.01 and 0.05 levels of significance.
Assuming N; and N, to be equal, Eq. 5 can be rearranged into the
following formula for the calculation of the number of tags needed
to be sequenced in each of both experimental conditions to detect a
difference p; — p, with a two-sided significance less then « and a
power greater than 1-8:

N> (Za/Z \/on(l —Ppo) + lfe 1/191;(1 —p) +p(1— Pz))z 6
1 P2

(Armitage and Berry, 1987)

However, when N, and N, are not equal, as is the case when one
wants to compare an experimental condition with a control condi-
tion already published, such a rearrangement of Eq. 5 is not possi-
ble. Therefore, the sample size N,, for a given N;, @, B, and a
required difference p; — p, can only be calculated by an iterative
procedure based on Eq. 5. The results of such a calculation for N; =
60,633, a = 0.05, and B = 0.1 for a range of differences is given in
Figure 6B. Similarly, an estimate of the minimal detectable differ-
ence p; — p, for a given N, N,, o, and B can only be reached by
iteration. A Windows program, SAGEstat, performing these calcu-
lations, is available on request (E-mail: j.m.ruijter@amc.uva.nl sub-
ject: SAGEstat).

RESULTS

Comparison of SAGE Tag Lists Determined for
Glucose-grown and Oleate-grown Yeast

We determined 10,366 SAGE tags (from 10,366 tran-
scripts) originating from ~1700 different genes ob-
tained from yeast cells grown on medium containing
the fatty acid oleate as sole carbon source. Following
the specificity criteria set forth by Velculescu et al.
(1995, 1997) and assuming a total number of 15,000
mRNA molecules per cell, the number of transcripts
from a certain gene was calculated from the number of
tags observed in the tag list (Tables 1 and 2). In this
way, tag lists of cells cultured under different condi-
tions can be compared with each other to monitor
changes in steady-state mRNA levels. Although tag
lists cannot account for regulation secondary to tran-
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Table 1. mRNA levels sorted by copies per cell in oleate-grown cells

c¢/c ¢/c Ratio c/c

wt ole wt glu ole/glu pip2/o0afl ole  Systematic name

Gene name

Description

1 2894 181.6 1.6 506.5 YOL086c/YMR303c ~ ADH1/ADH2 Alcohol dehydrogenase I
2 146.2 52 281 494.0 YLR327c Strong similarity to Stf2p
3 1216 20 614 3114 YFLO14w HSP12 Heat shock protein
4 117.2 05 2369 91.3 YOL126¢ MDH2 Malate dehydrogenase, cytoplasmic
5 117.2 0.0 473.8 8.3 YIL160c POT1 Acetyl-CoA C-acyltransferase, peroxisomal
6 97.0 1.2 784 174.4 YOR374w ALD7 Aldehyde dehydrogenase
7 926 00 3743 220.0 YCRO10c Strong similarity to Y. ipolytica GPR1 protein and Fun34p
8 86.8 248.4 0.3 49.8 YPRO80w/YBR118w  TEF1/TEF2  Translation elongation factor eEF1 alpha-A chain, cytosolic
9 76.7 0.0 310.0 16.6 YDR256¢ CTA1 Catalase A, peroxisomal
10 738 37 199 4.2 YJL217w Hypothetical protein
1 724 42 172 12.5 YDL078c MDH3 Malate dehydrogenase, peroxisomal
12 724 230 3.1 178.5 YDRO77w SED1 Abundant cell surface glycoprotein
13 680 21.0 3.2 207.6 YPR149w NCE2 Involved in nonclassical protein export pathway
14 66.6 6.7 10.0 116.2 YGRO086¢ Strong similarity to hypothetical protein YPL0OO4c
15 63.7 165.5 0.4 87.2 YKL060c FBA1 Fructose-bisphosphate aldolase
16 593 495 1.2 41.5 YML028w TSA1 Thiol-specific antioxidant
17 579 4245 0.1 2159 YJR009¢/YGR192c¢ TDH2/TDH3 Glyceraldehyde-3-phosphate dehydrogenase 2
18 579 272 2.1 74.7 YGR209¢ TRX2 Thioredoxin IT
19 564 3.0 19.0 8.3 YOR383c Weak similarity to L. mexicana secreted acid phosphatase 2
20 564 334 1.7 37.4 YJR104c SOD1 Copper-zinc superoxide dismutase
21 56.4 43.8 1.3 58.1 YDR154c Questionable ORF
22 55.0 6.4 8.5 224.2 YBRO67¢ T1P1 Temp. shock induced protein of the Srpl/Tiplp family
23 506 562 0.9 70.6 YDR276¢ Strong similarity to Hordeum vulgare blt101 protein
24 47.8 0.0 193.0 0.0 YGL205w POX1 Acyl-CoA oxidase
25 463 722 0.6 42 YGRO027¢ RPS31A Ribosomal protein S25.e.c7
26 463 1432 0.3 41.5 YDL184c RPL47A Ribosomal protein
27 434 206.6 0.2 42 YLR340w/YDL081/  RPLAO0/1/2/3 Acidic ribosomal protein L10.e
YOLO039w /YDL130w
28 420 0.0 169.6 42 YER065¢ ICL1 Isocitrate lyase
29 405 240 1.7 37.4 YNLO055¢ POR1 Mitochondrial outer membrane porin
30 752 0.0 304.2 199.3 YIL057¢ Strong similarity to YER067w
31 376 22 169 4.2 YFR033c QCR6 Ubiquinol-cytochrome-c reductase 17-kDa protein
32 37.6 05 76.0 4.2 YNL202w SPS19 2,4-Dienoyl-CoA reductase, peroxisomal
33 37.6 0.0 1521 37.4 YORB348c PUT4 Proline and gamma-aminobutyrate permease
34 362 334 1.1 0.0 YGLO076c RPL6A Ribosomal protein L7.e.A
35 36.2 0.0 146.2 0.0 YORO084w Hypothetical protein

Genes encoding peroxisomal proteins are shown in bold type. For calculation of ratios, a tag value of 1 (corresponding to 0.25 c/c) was used

to avoid division by zero. wt, wild-type; ole, oleate; glu, glucose.

scription and mRNA turnover, such as enzyme feed
back control, covalent modification, and protein turn-
over, they can be used as good indicators for changes
in gene expression. Although the mRNA steady-state
levels expressed as mRNA copies per cell suggest a
certain precision, we like to emphasize that these
numbers will vary according to the assumptions made
for their calculation (as amply discussed by Velculescu
et al., 1997). Here we have used these numbers partic-
ularly for comparative purposes to sort our own da-
tabase in various ways and conformed ourselves to
published rules to be able to make simple reference to
already existing data. For an in-depth discussion of
the applied statistics, see MATERIALS AND METH-
ODS. The calculated mRNA levels from SAGE data
obtained from glucose-grown and oleate-grown cells
show good correlation with previously published data
from Northern blotting experiments (Einerhand et al.,
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1991; Rottensteiner et al., 1996; Karpichev and Small,
1998).

When genes were graphically displayed in order of
decreasing tag frequency, a surprisingly small number of
mRNAs were found to be present at high steady-state
levels. This was already observed for glucose-grown
cells (Velculescu et al., 1997) and is shown in Figure 1A.
The same was true for oleate-grown cells (Figure 1C).
Only 0.1% of the genes was represented at ~100 copies
per cell (¢/c) or more; 0.5% at 50 ¢/c or more; 5% at2 c/c
or more, whereas most mRNAs (>90%) were present at
<2 ¢/c or were not expressed at all.

The nature of the tags representing the abundant
mRNAs was totally different between the two condi-
tions of growth. This was illustrated by displaying the
mRNA levels observed in oleate-grown cells arranged
in the same order as mRNA levels of glucose-grown
cells (Figure 1B). Here we observed a complete change
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Table 2. mRNA levels sorted by level of induction, calculated as ratio (c/c oleate divided by c/c glucose)

c/c
c/c c/c Ratio pip2/oafl  Systematic
wt ole wt glu ole/glu ole name Gene name Description

1 1172 0.0 473.8 8.3  YIL160c POT1 Acetyl-CoA C-acyltransferase, peroxisomal

2 926 00 374.3 220.0  YCRO010c Strong similarity to Y. lipolytica GPR1 protein and Fun34p

3 767 0.0 310.0 16.6  YDR256¢ CTA1 Catalase A, peroxisomal

4 752 00 304.2 199.3  YILO057c Strong similarity to YER067w

5 117.2 0.5 236.9 913  YOL126c MDH2 Malate dehydrogenase, cytoplasmic

6 478 0.0 193.0 0.0  YGL205w POX1 Acyl-CoA oxidase

7 420 0.0 169.6 42  YERO065c ICL1 Isocitrate lyase

8§ 376 00 152.1 374  YORB348c PUT4 Proline and gamma-aminobutyrate permease

9 362 00 146.2 0.0  YORO084w Hypothetical protein
10 347 02 140.4 457  YIL136w OM45 Protein of the outer mitochondrial membrane
1 318 00 128.7 42  YFLO30w Similarity to several transaminases
12 289 02 117.0 1246 YOLO052c-a DDR2 Heat shock protein DDRA2
13 289 0.2 117.0 415  YALO54c ACS1 Acetyl-CoA synthetase
14 289 02 117.0 20.8  YIL155c GUT2 Glycerol-3-phosphate dehydrogenase, mitochondrial
15 289 0.0 117.0 83  YLR174w IDP2 Isocitrate dehydrogenase, cytosolic
16 289 0.0 117.0 42  YJRO019c TES1 Thioesterase, peroxisomal
17 275 02 1111 166.1  YKL217w JEN1 Carboxylic acid transporter protein
18 260 02 105.3 20.8  YKL187c Strong similarity to hypothetical protein YLR413w
19 246 0.0 99.4 125  YLR377¢ FBP1 Fructose-1,6-bisphosphatase
20 232 0.0 93.6 42  YERO015w FAA2 Long-chain fatty acid—CoA ligase
21 217 02 87.7 540  YMRI107w Hypothetical protein
22 203 02 81.9 0.0  YJL153c INO1 Myo-inositol-1-phosphate synthase
23 203 0.0 81.9 0.0  YNLO009wW IDP3 Isocitrate dehydrogenase, NADP-dependent
24 203 00 81.9 16.6 YNL117w MLS1 Malate synthase 1
25 97.0 1.2 78.4 1744  YOR374w ALD7 Aldehyde dehydrogenase
26 37.6 0.5 76.0 42  YNL202w SPS19 2,4-Dienoyl-CoA reductase, peroxisomal
27 188 0.0 76.0 42  YIL125w KGD1 2-Oxoglutarate dehydrogenase complex E1 component
28 188 0.0 76.0 8.3  YKRO97w PCK1 Phosphoenolpyruvate carboxykinase
29 174 00 70.2 0.0  YOL155¢ Similarity to glucan 1,4-alpha-glucosidase Stalp and YAR066w
30 159 0.0 64.3 125 YLR155¢/157¢/ ASP3A/B/C/D L-Asparaginase II

158¢/160c

31 159 00 64.3 42 YGR244c Strong similarity to rumen fungus beta-succinyl CoA synthetase
32 1216 20 61.4 3114  YFLOl4w HSP12 Heat shock protein
33 145 02 58.5 374  YDRO070c Hypothetical protein
34 145 0.0 58.5 12.5 YBR046¢ ZTAl Similarity to {-crystallin
35 13.0 02 52.6 0.0  YCRO62w Similarity to Ytplp protein

Genes encoding peroxisomal proteins are shown in bold type. For calculation of ratios, a tag value of 1 (corresponding to 0.25 ¢/c) was used

to avoid division by zero. wt, wild-type; ole, oleate; glu, glucose.

in the mRNA landscape. The abundant mRNAs of
oleate-grown cells now appeared as peaks at positions
where the same mRNAs were present at low levels in
the graph of the glucose-grown cells. These were the
mRNAs that were sorted as the high abundance group
in the graph of Figure 1C. The ratios between copies
per cell on oleate and glucose represent the fold in-
duction of expression. When c/c on oleate is divided
by ¢/c on glucose, a high ratio indicates a high induc-
tion on oleate. Calculation of these ratios showed that
many high abundant mRNAs on oleate were also
highly induced (Tables 1 and 2). The error in the
values of these ratios is subject to variation dependent
on the tag numbers used for their calculation. Again,
like the c/c, we have used these ratios not as absolute
values but only as general indicators to help us in the

Vol. 10, June 1999

interpretation of the information present in the data-
base.

The peaks in Figure 1B alerted us to the genes that
were highly expressed when cells were grown on
oleate. A number of such genes were already known
from previous work using Northern blotting and re-
porter gene studies (Einerhand et al., 1991; Rotten-
steiner et al., 1996; Karpichev and Small, 1998). Exam-
ples are genes encoding enzymes of the B-oxidation
pathway such as acyl-coenzyme A (CoA) oxidase
(FOX1/POX1) and thiolase (FOX3/POT1) and other
genes encoding peroxisomal matrix proteins such as
catalase A (CTA1T) and malate dehydrogenase isoform
3 (MDH3). Indeed, the number of mRNAs observed
was also correspondingly high: acyl-CoA oxidase, 55
c/c; thiolase, 120 c/c; catalase, 84 c¢/c; and malate
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Figure 1. Display of steady-state mRNA levels in yeast grown on
different carbon sources. Each bar represents one mRNA species.
(A) Display of mRNA levels in glucose-grown wild-type yeast. The
500 highest expressed genes are sorted by levels of mRNA copies
per cell. (B) mRNA levels in oleate-grown wild-type cells. The genes
are sorted in the same order as in A. (C) mRNA levels of the 500
highest expressed genes in oleate-grown wild-type cells. The genes
are sorted by levels of mRNA copies per cell. (D) mRNA levels in
oleate-grown pip2/oaf1 cells. The genes are sorted in the same order
as in C.

dehydrogenase 3, 72 c/c. These numbers were sub-
stantially lower in glucose-grown cells (0, 0, 0, and 4
c/c, respectively). Several genes with unknown func-
tions that were highly expressed proved to encode
novel peroxisomal proteins: YNLOO9W encodes Idp3p
(23 c¢/c), a peroxisomal NADP-dependent isocitrate
dehydrogenase (van Roermund et al., 1998), and
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YJR019C encodes Teslp (29 c/c), a peroxisomal acyl-
CoA thioesterase (Kal, 1997).

In the Yeast Genome Directory 1997 (Goffeau, 1997),
genes with known function or with homology to genes
with known function have been grouped in functional
categories. This allowed graphical display of only
those genes that fall into such a category and permit-
ted a more in-depth analysis of a particular biological
process. A few examples will be discussed below; the
complete data set is available on the Internet.

Biogenesis and Function of Peroxisomes

For growth on oleate peroxisomes are required, be-
cause in yeast these organelles exclusively house the
B-oxidation enzymes necessary for fatty acid degrada-
tion. As a consequence, in oleate-grown cells the num-
ber and volume of peroxisomes are greatly increased
compared with cells grown on other carbon sources,
particularly glucose. This is illustrated in Figure 2A.
The highest transcript frequencies corresponded with
mRNAs encoding the S-oxidation enzymes and other
peroxisomal enzymes directly or indirectly involved
in fatty acid metabolism. Control of gene expression in
these cases was very tight, because for most of these
genes not a single tag was found in the glucose tag list
despite the overwhelming number of 60,000 tags de-
termined (Velculescu et al., 1997). Induction extended
also over a large range considering the high number of
mRNA copies per cell. This situation was totally dif-
ferent for PEX genes coding for peroxins, proteins
involved in the biogenesis of peroxisomes and in-
volved in import of proteins into peroxisomes (Figure
2A). For most PEX genes it has been reported that they
are induced when cells are grown on oleate. However,
the abundance of mRNAs encoding peroxins with
known functions was still <6 ¢/c, e.g., components of
the protein import pathway such as the peroxisomal-
targeting signal receptor Pex5p and the Pex5p-dock-
ing proteins Pex13p and Pex14p (Elgersma et al., 1996;
Erdmann and Blobel, 1996; Gould et al., 1996; Albertini
et al., 1997). This seemed to be a general feature; also,
mRNAs coding for proteins of the nuclear pore com-
plex, the mitochondrial Tim and Tom proteins, and
the components of the protein import machinery of
the endoplasmic reticulum were low abundant or ab-
sent in both the glucose and oleate tag lists. Because
much about peroxisome metabolism and biogenesis is
still unknown, we like to caution that the “peroxi-
some” functional category is plainly incomplete. Clues
for additional candidates of this category can be found
in the data set. For instance, YJR019¢ (TES1) is an
unknown reading frame that by definition will not
show up in the peroxisome functional category. It is,
however, a good example to illustrate the potential
use of the data set. TESI is expressed at 29 c/c in
oleate-grown cells and hardly expressed in glucose-
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Figure 2. mRNA levels of genes encoding peroxins and peroxisomal matrix enzymes. (A) Bars in the front row represent mRNA levels in
glucose-grown wild-type cells (wt glu); bars in the back row represent mRNA levels in oleate-grown wild-type cells (wt ole). Note that all
peroxins localize to the left, whereas all matrix enzymes localize to the right, stressing the differences in expression levels between the two
classes of genes. (B). Bars in the back row represent mRNA levels in oleate-grown wild-type cells (wt ole); bars in the front row represent
mRNA levels in oleate-grown pip2/oafl cells (p/o ole). *, Statistically significant difference in expression levels (p < 0.05).

grown cells (<0.3 c¢/c; Table 2). The encoded reading
frame shows homology to acyl-CoA thioesterases of
Escherichia coli, Haemophilus influenzae, and human.
Further biochemical analysis showed that the encoded
protein had acyl-CoA thioesterase activity and is lo-
cated in the peroxisomal matrix. Like the majority of
genes encoding peroxisomal matrix proteins, the TES1
gene is regulated by the Pip2p and Oaflp transcrip-
tion factors. Upon deletion of the TES1 gene we have
not yet observed an overt phenotype (Kal, 1997). This
example shows how candidates for the peroxisome
functional category can be traced. In addition, it is an
example of a gene that we missed for lack of a phe-
notype in our genetic screens applied thus far.

Mitochondria

For growth on oleate and other nonfermentable car-
bon sources, a functional mitochondrial compart-
ment is essential. We therefore wondered whether
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genes encoding mitochondrial proteins would be
up-regulated or down-regulated as a group depend-
ing on the carbon source. Figure 3 illustrates that on
average the frequency of mRNAs coding for mito-
chondrial proteins was higher in oleate-grown cells
compared with glucose-grown cells. It indicated
that cells more heavily rely on mitochondrial me-
tabolism when they grow on oleate (see DISCUS-
SION). However, in a number of cases, tag frequen-
cies are substantially increased above the average
enrichment, suggesting that mitochondria require
fine tuning to adjust to growth on oleate. Some
adjustments, such as elevated expression of the mi-
tochondrial glycerol-3-phosphate dehydrogenase
(Gut2p), can be explained in terms of changing me-
tabolism (see below); other changes ask for further
research, such as the mitochondrial outer membrane
protein OM45 (35 c¢/c in oleate grown cells vs. <0.3
¢/c in glucose grown cells).
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Figure 3. mRNA levels of genes encoding mitochondrial proteins. The 100 highest expressed genes in wild-type cells grown in oleate
medium are displayed in the back row (wt ole) and are sorted by numbers of mRNA copies per cell. The front row represents the mRNA
levels for the same genes of wild-type cells grown on glucose (wt glu).

Communication among Peroxisomes, Cytosol, and
Mitochondria

The end products of B-oxidation, NADH and acetyl-
CoA, generated inside peroxisomes, must be exported
across the impermeable membrane to cytoplasm and
mitochondria for ATP generation and biosynthetic
processes (Elgersma and Tabak, 1996). Reduction
equivalents are proposed to shuttle from the peroxi-
somal matrix to the cytoplasm in the form of malate in
a process requiring peroxisomal malate dehydroge-
nase (Figure 4). Indeed, not only the gene encoding
peroxisomal malate dehydrogenase (MDH3, 72 c/c)
but also the gene encoding cytosolic malate dehydro-
genase (MDH?2, 120 c/c) was highly expressed consid-
ering the number of mRNAs per cell, and both genes

were specifically induced considering the correspond-
ing numbers in glucose-grown cells (4 and 0 c/c,
respectively).

After export from peroxisomes, the now cytoplas-
mic NADH can in part be oxidised by mitochondrial
oxidases facing the cytoplasm (de Vries and Marres,
1987; Larsson et al., 1998) or shuttled into the respira-
tory chain by the mitochondrial glycerol-3-phosphate
dehydrogenase isoenzyme Gut2p (Figure 4). This was
indicated by the appreciable induction of the GUT2
gene (Ronnow and Kielland-Brandt, 1993) (30 c/c).

Although the net flow of NADH is directed outward
to the cytosol, a net inward flow of NADPH goes
toward peroxisomes. The NADP-dependent isocitrate
dehydrogenase Idp3p is involved in the production of

Peroxisome Cytoplasm Mitochondrion
" ™ ( w
NAD+ malate malate NAD+ glycerol-3-
phosphate
—»—> ATP
Mdh3p T Mdh2p ? Gut2p

NADH oxaloacetate oxaloacetate NADH dihydroxy- Figure 4. Transport of reducing
acetonephosphate equivalents among peroxisomes,
cytoplasm, and mitochondria re-
quires membrane-localized me-
tabolite transporters. Indicated are
proposed shuttles for malate/ox-
NADPH 2-oxoglutarate| 2-oxoglutarate NADPH aloacetate, isocitrate/2-oxogluta-
rate, and glycerol-3-phosphate/
-5 dihydroxyacetonephosphate. The
Idp3p<gL 1dp2p Ir NADPH question mark indicates a cytoso-
lic glycerol-3-phosphate dehydro-
genase, of which the activity was
NADP+ isocitrate isocitrate NADP+ measured in the cytosol (van Ro-
) ermund, Hettema, and Tabak, un-

N\ — ~ published observations).
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NADPH in the peroxisomal matrix, to enable the ac-
tion of the peroxisomal 2,4 dienoyl-CoA reductase
Sps19p, which is required for degradation of unsatur-
ated fatty acids with double bonds at even positions
(Gurvitz et al., 1997; Henke et al., 1998; van Roermund
et al., 1998). The existence of an isocitrate/2-oxogluta-
rate redox shuttle across the peroxisomal membrane
(Figure 4) is indicated by the tandem induction of both
the IDP3 gene (20 c/c on oleate, <0.3 c/c on glucose)
and the IDP2 gene (29 c/c on oleate, <0.3 c/c on
glucose) encoding peroxisomal isocitrate dehydroge-
nase Idp3p and cytosolic isocitrate dehydrogenase
Idp2p, respectively.

There are two mechanisms for acetyl-CoA to leave
the peroxisomes. The first is in the form of acetyl-
carnitine; the second is in the form of succinate, gen-
erated in the glyoxylate cycle (Tabak et al., 1995; van
Roermund et al., 1995). Part of the acetyl-CoA is trans-
ferred to the mitochondria for ATP production,
whereas another part is assimilated to C4 and C6
compounds (Elgersma and Tabak, 1996). For this latter
process the glyoxylate cycle and gluconeogenesis
pathway are essential. Two enzymes are unique com-
ponents of the glyoxylate cycle: malate synthase I and
isocitrate lyase I. The remaining enzymes of the cycle
are used for other purposes as well. This was under-
scored by the number of mRNAs observed for the
(peroxisomal) enzymes that are essential for operation
of this cycle (Figure 5A). Indeed, all the glyoxylate
cycle enzymes were induced in oleate compared with
glucose. We have left out the result for peroxisomal
malate dehydrogenase 3, because it was shown that
this enzyme does not participate in the glyoxylate
cycle. Instead, Mdh3p is involved in the shuttling of
reduction equivalents from peroxisomes to the cytosol
(van Roermund et al., 1995). Further assimilation to C6
sugars is mediated by the gluconeogenesis pathway.
The genes encoding the enzymes isocitrate lyase
(ICL1), fructose 1,6-bisphosphatase (FBP1), and phos-
phoenolpyruvate carboxykinase (PCK1) are essential
for gluconeogenesis. Their mRNAs are present at
25-42 c¢/c in oleate-grown cells (Figure 5A). Remark-
ably, in the tag list of glucose-grown cells, no hits for
these mRNAs were scored. Thus, the gluconeogenesis
enzymes are indeed very specific for oleate-grown
cells. In addition, most of the glycolytic household
enzymes are of course required in this process.

Heat Shock Proteins and Stress Response

The comparison also indicated that mRNAs coding for
certain members of the heat shock and stress family of
proteins occur at significantly higher steady-state lev-
els in oleate-grown compared with glucose-grown
cells (Figure 5A): HSP12, TIP1, SSA1, PIR3, DDR2,
YRO2, SIR4, and HSP26 mRNAs. This was not simply
due to a general stress response, because the levels of
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other stress indicators, e.g., catalase T mRNAs (CTT1),
remained <0.3 ¢/c in the two growth conditions, and
expression of genes encoding the 30- and 60-kDa heat
shock proteins (HSP30 and HSP60) remained practi-
cally unchanged.

The Transcriptome of pip2loafl Mutant Cells

Transcription of the genes coding for the major en-
zymes of peroxisomal metabolism is controlled by
the transcription factors Pip2p and Oaflp. The con-
stitutive Oaflp and oleate-inducible Pip2p bind as a
heterodimer to an upstream activation sequence
called “oleate response element” (ORE) and activate
transcription of genes containing an ORE in their
promoter (Karpichev et al., 1997; Rottensteiner et al.,
1997). To investigate the consequences of the loss of
these transcription factors and to identify addi-
tional, unknown genes subjected to their control, we
cultured a pip2/oafl double mutant strain on oleate-
containing medium. A SAGE library of 3613 tags
was prepared from the mRNA derived from this
culture. When this library was compared with the
one obtained from wild-type cells grown on oleate,
two different effects could be discerned: 1) a number
of highly expressed genes under the control of
Pip2p/Oaflp were down-regulated to much lower
levels, comparable with the levels encountered in
yeast cells growing on nonfermentable carbon
sources such as glycerol or ethanol, for which no
major contribution of peroxisomes is required (de-
repression level) (Figures 1D and 2B and Tables 1
and 2); and 2) in response to the inefficient B-oxida-
tion, cells made more efficient use of alternative
carbon sources present in the growth medium (en-
forced with yeast extract). For instance, genes re-
quired for proline import and catabolism were in-
duced in wild-type cells grown on oleate (PUT1 and
PUT4) and even further induced in the mutant
(PUT1). The induction of dicarboxylic acid trans-
porters and permeases [EN1 and DIP5 also sug-
gested that the cells switched to alternative carbon
sources.

In addition to these metabolic adaptations, several
genes that are known to be induced by stress were also
induced in the pip2/oafl strain (e.g., HSP12, TIP1,
DDR2, HSP26, and HSP30) (Figure 5B), whereas cer-
tain genes encoding cytosolic ribosomal proteins were
down-regulated (Table 1). Possibly, the loss of Pip2p
and Oaflp transcription factors and the resulting in-
ability to deal with oleate as a carbon source was a
stressful condition, which the cells attempted to com-
pensate.

The absence of high-level expression of certain
oleate-induced genes in the pip2/oafl strain compared
with the wild-type strain made it possible to identify
genes that were thus far unknown to be under the
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Figure 5. mRNA levels of genes encoding proteins for gluconeogenesis, glyoxylate cycle, and heat shock and stress response. (A) Bars in
the front row represent mRNA levels in glucose-grown wild-type cells (wt glu); bars in the back row represent mRNA levels in oleate-grown
wild-type cells (wt ole). (B). Bars in the front row represent mRNA levels in oleate grown pip2/oafl cells (p/o ole); bars in the back row
represent mRNA levels in oleate grown wild-type cells (wt ole). *, Statistically significant difference in expression levels (p < 0.05).

control of Pip2p and Oaflp. Examples are the TESI
gene encoding a peroxisomal acyl-CoA thioesterase
(Kal, 1997) and the IDP3 gene encoding a peroxisomal
NADP-dependent isocitrate dehydrogenase (van Ro-
ermund et al., 1998). For other genes encoding proteins
with unknown functions that were expressed highly
in wild-type cells on oleate but not in pip2/oafl mutant
cells, e.g., YOR084W, further investigation of their
suspected role in peroxisome function is required.

DISCUSSION

Here we report a transcriptome analysis using SAGE
of S. cerevisiae growing on the fatty acid oleate as the
sole carbon source. The availability of a transcriptome
of glucose-grown yeast cells (Velculescu et al., 1997)
made it possible to investigate the changes in mRNA
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levels that result from the presence of one or the other
carbon source in the growth medium.

Growth of yeast on oleate requires the presence of
B-oxidation enzymes to metabolize this fatty acid. In
S. cerevisiae the B-oxidation enzymes are exclusively
located in peroxisomes, and the peroxisomal compart-
ment is increased in number and volume in oleate-
grown cells (Veenhuis et al., 1987). We hoped that
SAGE analysis would alert us to new genes involved
in peroxisome biogenesis and function. In particular,
we were interested in those genes that went unnoticed
in the genetic screens applied thus far, for instance,
genes that upon mutation would confer lethality to the
cell or genes coding for proteins the loss of which did
not result in a clear phenotype. SAGE is perfectly
suited for application to S. cerevisine because the total
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genome has been sequenced, and ~6300 reading
frames longer than 100 amino acids were identified
(Goffeau, 1997). This allows assignment of almost all
tags to genes with great precision. Ironically, the most
abundant tag provided an exception. Here, the high
DNA sequence conservation between the ADHI and
ADH? genes encoding the isoenzymes alcohol dehy-
drogenase 1 and 2 caused ambiguity. From the sepa-
ration of the Adh isoenzymes by PAGE under native
conditions followed by determination of enzyme ac-
tivity (Williamson et al., 1980), we concluded that in
oleate-grown cells the tags were derived from the
ADH? gene; the tags from glucose-grown cells origi-
nated from the ADHI gene (our unpublished data).
Another imperfection of SAGE is that it cannot detect
genes that lack a recognition site for the anchoring
enzyme (Nlalll). An example is the TPI1 gene, which
functions in glycolysis and is highly expressed in glu-
cose-grown cells (Alber and Kawasaki, 1982).

When we compared both tag lists and limited our-
selves to statistically significant changes (see MATE-
RIALS AND METHODS and Figure 6 for a discussion
of our statistical analysis), we observed that the num-
ber of mRNAs that was clearly different under both
conditions was rather small: ~100. This comprised
only 2% of the total number of genes in the genome;
however, it contributed a substantial portion of the
total number of 15,000 mRNAs per cell: >20%. Most of
these mRNAs that significantly increase in oleate-
grown cells encoded enzymes required for adaptation
of metabolism to the new carbon source. This confirms
the dictum of Christian de Duve (1984) in his book A
Guided Tour of the Living Cell: “The internal affairs of a
living cell are mainly concerned with biogenesis and
energy production.” The genes encoding these en-
zymes were under very strict control. Many of the
abundant mRNAs in oleate-grown cells were almost
or totally absent in the glucose-grown cells.

We were rather surprised to find that mRNAs cod-
ing for proteins functioning in the maintenance of
cellular structures, for instance proteins that support
trafficking of proteins in the cell, were present at very
low numbers of copies per cell in both growth condi-
tions. This holds even for cases in which a specific
alteration takes place when cells are faced with an-
other carbon source. In glucose-grown cells only a few
small peroxisomes are present; in oleate-grown cells,
however, their number and volume are strongly in-
creased. But also in the latter case the peroxins (pro-
teins involved in the biogenesis of peroxisomes) were
represented with exceptionally low numbers of copies
per cell. Considering this strict rule, it is remarkable
that Pex11p forms an exception. Induction and tran-
scriptional control of the PEX11 gene resembles that of
genes coding for enzymes involved in fatty acid me-
tabolism. Indeed, preliminary experiments suggest
that Pex11p function is related to transport of metab-
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olites across the peroxisomal membrane (van Roer-
mund, Hettema, and Tabak, unpublished observa-
tions) rather than to proliferation of peroxisomes
(Erdmann and Blobel, 1995; Passreiter et al., 1998).
Another case illustrating the low copy number of cer-
tain mRNAs concerns the transcription factors in-
volved in peroxisome proliferation. We previously re-
ported that Oaflp and Pip2p form a heterodimeric
complex that binds to OREs, present in many promot-
ers of genes coding for peroxisomal enzymes (Rotten-
steiner et al., 1997). The OAF1 gene is constitutively
expressed, but the PIP2 gene is induced by autoregu-
lation in oleate-containing growth medium. Both
mRNAs were present at only very low levels, and the
number of tags collected in this study was too low to
detect a statistically significant induction of PIP2
mRNA. However, although we were not able to mon-
itor alterations in the level of transcription factors or,
for that matter, in components of signal transduction
routes, the changes of expression levels of the target
genes evoked by the action of these components were
clearly demonstrated. Thus, 10,000 tags were sufficient
to visualize the changes in mRNAs coding for compo-
nents of metabolism.

The analysis of the SAGE library from pip2/oafl mu-
tant cells provided a valuable tool to identify new
genes involved in peroxisomal functioning. In addi-
tion, the attempts of the mutant cells to adapt to the
absence of efficient metabolism of fatty acids were
illustrated by elevated levels of mRNAs for alternative
pathways, such as the uptake and metabolism of pro-
line (PUT1 and PUT4) and the uptake of dicarboxylic
acids (JEN1 and DIP5). The stressful condition was
reflected in the induction of genes encoding heat
shock and stress proteins.

The ability to visualize the behavior of each gene
with respect to its contribution to cellular life is of
particular interest to study the interactions and ways
of communication between the major compartments
of the cell. The B-oxidation of fatty acids takes place in
peroxisomes, but further metabolism of its end prod-
ucts, NADH and acetyl-CoA, requires the participa-
tion of other compartments of the cell, particularly
cytosol and mitochondria. The impermeability of the
peroxisomal membrane to small molecules requires
dedicated transporters in the membrane, comparable
with the situation in mitochondria. Candidate genes
coding for such proteins can be traced by screening
the tag list for genes that are induced on oleate and
code for proteins with multiple membrane spans or
otherwise hydrophobic character (e.g., Pex1lp; see
above). We are currently determining the cellular lo-
calization of several of such proteins and studying the
ones confined to peroxisomes in more detail.

Acetyl-CoA is in part converted to succinate via the
glyoxylate cycle or to glucose via the gluconeogenesis
pathway. Our SAGE analysis confirmed these predic-
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values for the statistical comparison
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found in a control condition. Con-
trol values that fall outside the crit-
ical values can be considered differ-
ent from the corresponding control
value at significance levels of 0.05
(A), 0.01 (#) and 0.001 (M), respec-
tively. Calculations are carried out
for a sample size of 10,366 se-
quenced tags in the oleate condition
and 60,633 in the control condition,
assuming the total number of
mRNA molecules in a yeast cell to
be 15,000. (B). Number of tags re-
quired in the experimental group to
detect a 2- to 20-fold induction in
abundance of mRNA compared
with the control group from which
60,633 tags already have been se-
quenced. Calculations were per-

== formed with the SAGEstat soft-

(per 15000)

tions convincingly. We have argued that peroxisomal
malate dehydrogenase (Mdh3p) is used to regenerate
NAD™* for continuation of B-oxidation, rather than
being an intrinsic part of the glyoxylate cycle (van
Roermund et al., 1995). The simultaneous induction of
both MDH3 and MDH?2 (the latter encoding cytosolic
malate dehydrogenase) reinforces the proposal of a
malate/oxaloacetate shuttle to transfer reduction
equivalents across the peroxisomal membrane. The
strong induction on oleate of the GUT?2 gene, encoding
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mRNA molecules in a yeast cell to
be 15,000, with & = 0.05and B = 0.1.

glycerol-3-phosphate dehydrogenase located at the
mitochondrial inner membrane, suggests how mito-
chondria can tap part of the cytosolically delivered
NADH for production of ATP.

To degrade polyunsaturated fatty acids, double
bonds at even positions must be relocated to uneven
positions in a reductive process requiring NADPH
(Gurvitz et al., 1997). The induction on oleate of the
genes encoding peroxisomal and cytosolic isocitrate
dehydrogenase (IDP3 and IDP2, respectively) sug-
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gests that an isocitrate/2-oxoglutarate shuttle exists to
expedite the transfer of reduction equivalents from the
cytosol into the peroxisomes to maintain the level of
NADPH (Henke et al.,, 1998, van Roermund et al.,
1998).

Large amounts of information can already be ab-
stracted from a comparison of steady-state conditions:
glucose-grown, oleate-grown, and transcription fac-
tor-deficient cells. For more detailed insight in the
dynamic transition of one state into the other, the
SAGE technique is less suitable because of its low
throughput capacity. In that respect, the application of
the DNA microarray technique is more promising.
However, SAGE data are very robust and quantita-
tive. Dynamic ranges >200-fold in gene expression
can be determined. Furthermore, by obeying some
basic rules for data management, tag lists obtained by
different research groups can be integrated into larger
databases, and the increasing tag numbers can further
improve the statistical confidence in the analysis.

Evaluating our comparison of transcriptomes of
yeast cells grown on different carbon sources, we ex-
pect that detailed knowledge of metabolism and its
change to altering conditions can be gained from such
studies. In addition, these studies can provide clues to
discover functions of novel genes identified in se-
quencing projects. Considering the strong conserva-
tion of biological principles during evolution, these
genome-wide model studies in yeast may help to un-
derstand certain pathological conditions in human.
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